We propose an approach for broadband near-perfect absorption with aperiodic-polaritonic photonic crystals (PCs) operating in the phononpolariton gap of the constituent material. In this frequency regime the bulk polaritonic materials are highly reflective due to the extreme permittivity values, and so their absorption capabilities are limited. However, we are able to achieve absorptance of more than 90% almost across the entire phonon-polariton gap of SiC with a SiC-air aperiodic one-dimensional(1D)-PC with angular bandwidth that covers the range of realistic diffraction-limited sources. We explore two types of aperiodic PC schemes, one in which the thickness of the SiC layer increases linearly, and one in which the filling ratio increases linearly throughout the structure. We find that the former scheme performs better in terms of exhibiting smoother spectra and employing less SiC material. On the other hand, the second scheme performs better in terms of the required total structure size. We analyze the principles underpinning the broadband absorption merit of our proposed designs, and determine that the key protagonists are the properties of the entry building block and the adiabaticity of the aperiodic sequencing scheme. Further investigation with derivative lamellar sequences,-resulting by interchanging or random positioning of the original building blocks-, underline the crucial importance of the building block arrangement in an increasing order of thickness. If we relax the requirement of near-perfect absorption, we show that an averaged absorption enhancement across the SiC phonon-polariton gap of ∼ 10 can be achieved with much shorter designs of the order of two free-space wavelengths. Our findings suggest that our aperiodic polaritonic PC route can be promising to design broadband electromagnetic absorbers across the spectrum.
INTRODUCTION
Absorbers are crucial components in electromagnetic (EM) wave detection and energy harvesting devices such as photovoltaics [1, 2] , thermophotovoltaics [3] - [7] , bolometers [8] - [10] and imaging devices [11] - [13] . Therefore, many current research efforts are focusing on optimizing EM absorption with different mechanisms such as near-field enhancement through plasmonic resonances [1, 2, 14, 15] or impedance-matching by metamaterial structures [16] - [19] . In all these schemes the absorptance enhancement in the absorbing material is facilitated by the metallic structures which are integrated with the absorbing material.
An alternative route has been explored with photonic crystals (PCs) relying solely on the excitation of lossy Floquet-Bloch modes in a structure with a single kind of absorbing material [20] - [25] . In the Mid-IR regime mostly PCs with metallic constituents have been explored [23] . However metals have a small skin depth [26] , thus thick PC structures would be required to get high absorption enhancement [23] .
On the other hand, polaritonic materials have a larger skin depth in the Mid-IR region thus offering the possibility of a larger light-matter interaction path. Therefore polaritonic materials could be a promising constituent materials for engineering absorption. However, overcoming the ultrahigh reflection within the phonon-polariton gap, also known as the Reststrahlen band [26] is a major challenge.
However, the recent results of Devarapu and Foteinopoulou [24, 25] demonstrating near-perfect absorption with a SiC PC system seem promising in this direction. The underlying mechanism was a combination of a quickly vanishing lossy Floquet-Bloch mode [25, 27] and tailoring of the energy velocity at the interface [24, 25] . Careful engineering of such phenomenon has led to a compact-superabsorber design where 90% of light gets absorbed within the top absorbing layer of thickness λ/1000 [25] . Nevertheless the operation bandwidth in the latter PC structure was narrow. An important aspect in many applications such as bolometers and thermophotovoltaics, is to have absorption enhancement over a broad range of wavelengths. Therefore, here we explore a possibility to obtain a broadband near-perfect absorption by utilizing polaritonic PCs. For this purpose we employ aperiodicpolaritonic 1D-PCs with varying building block sizes, inspired by the broadband reflection/antireflection property observed in chirped gratings [28] - [30] .
In particular this paper is organized as follows. In Section 2, we describe the aperiodic polaritonic 1D-PCs under study. In Section 3, we present the methodology we adopted for evaluating the absorptance performance of the proposed aperiodic PCs. In Section 4, we discuss our results of near-perfect absorptance of the two aperiodic PCs under study and compare their performance. In Section 5, we investigate the robustness of the broadband absorption merit under angular illumination. In Section 6, we determine the key operation principles underpinning the broadband functionality of our proposed designs. In Section 7, we analyse the significance of the particular order of the building blocks in the aperiodic PC. Based on the determined principles, we present in Section 8, a shrinked aperiodic PC design which demonstrates an averaged, -within the SiC Reststrahlen band-, absorption enhancement with a value close to 10. Finally, we present our conclusions in Section 9.
SYSTEM UNDER STUDY
We will consider two aperiodic 1D-PC structures comprising of alternating layers of SiC and air as shown schematically in Figures 1(a) and 1(b). The respective thicknesses of the SiC and air layers in the j th building block of the aperiodic PC are d 1 (j) and d 2 (j). We denote the permittivity of air as ε 2 , with its value being one. The permittivity of SiC is denoted as ε 1 , and modelled with the Lorentzian function [26] ,
where ω is the angular frequency of the incident EM wave. The parameters in the Lorentzian function-taken from Ref.
[31]-are ε ∞ =6.7, ω T =2π×23.79 THz, ω L =2π×29.07 THz and Γ =2π×0.1428 THz. We have particularly chosen SiC as the constituent of the aperiodic PCs, since the Reststrahlen band of the SiC spans from 10.3 µm to 12.6 µm, where many pathogens and bio-molecules have their fingerprints [32] - [34] . Moreover this frequency regime is an important atmospheric N-band window that facilitates the study of astronomical objects that are colder than 500 K [35] - [37] .
In the first type of aperiodic PC shown in Figure 1 (a), the thickness of the SiC layer in each building block changes linearly as:
where d 1 (1) = 0.125 µm is the thickness of the first SiC layer in the aperiodic PC. The thickness of the air layers d 2 is 9.875 µm and it remains constant throughout the aperiodic PC.
On the other hand, in the second type of aperiodic PC shown in Figure 1 (b), the filling ratio for each building block changes linearly. The filling ratio of the j th building block is given by:
where f(1) = 0.05 is the filling ratio of the first building block. Note, the lattice constant a = 5 µm is constant throughout the aperiodic PC, implying that the thickness of SiC and air layer in the j th building block of the PC would be d 1 (j) = a · f(j) and
In Figure 2 , we show the variation of the structural parameters from one building block to the next one in the first and second type of the aperiodic PCs as blue circles and red squares respectively. In Figures 2(a) and 2(b), we show the SiC and air thicknesses respectively in each building block j. In Figures 2(c) and 2(d), we show the lattice constant and filling ratio in each building block j, respectively.
METHODOLOGY
In this section, we present the methodology we adopted to study the aperiodic SiC-air lamellae sequence. To evaluate the absorption performance of the two types of aperiodic PCs described above, we need spectral information on their absorptance A. For this reason we calculate with the Transfer Matrix Method (TMM) [38] - [40] the absorptance A as A=1-T-R. T and R represent respectively the transmittance and reflectance of the aperiodic lamellar structures, determined from the transmission and reflection amplitudes as T= |t| 2 and R = |r| 2 since our entire structure is embedded in air. In particular,
Then, P 1 (j) and P 2 (j) in Eq. (5) , are the respective propagation matrices in the SiC and air layers within the j th building block and are given by: and
with k 1x and k 2x representing the x-component of the wavevectors inside the SiC and air layers respectively. Thus, for normal incidence,
and for off-normal incidence at an angle θ I = 0,
where ω represents the frequency of the impinging wave and c represents the vacuum speed of light.
Furthermore, in order to gain insight where the light gets absorbed within the aperiodic PC, we will also look into the electric-field distributions, -for the case of normal incidence. These are given by:
With S a (j), we denote the location of the front SiC face at the j th building block. i.e S a (j) =
for j=1, where a(i) is the size of the i th building block in the aperiodic PC. Moreover, as indicated in Figure 4 , A(j) and B(j)
are the electric-field amplitudes of the forward and backward going waves within the SiC layer of the j th building block in the aperiodic PC. Similarly C(j) and D(j) are the electric-field amplitudes of the forward and backward going waves within the air layer of the j th building block. These are determined by the following recursive relations,
and
with 1 ≤ j < N, together with the use of their values at j = N. The latter are given by:
Moreover in Section 6 we analyze how the properties of the aperiodic photonic crystals may correlate with the properties of the corresponding periodic photonic crystals made from the underlying building blocks of the aperiodic lamellae. In particular, we discuss the correlation of the broadband absorption to the coupling to allowed modes in the corresponding periodic PCs.
The photonic modes in a periodic medium are subject to Bloch's theorem just like electrons in a natural crystal [38] - [43] . This means that the fields at the entrance of the j th cell of a periodic PC structure would be equal to the fields at the entrance of the (j + 1) th cell times a phase factor e −iqa with q being the Floquet-Bloch wavevector and a the lattice constant of the periodic stack. This means:
where the superscripts (+) and (−) denote the respective wave amplitudes along the +x-and −x-direction.
In purely dielectric media the Bloch wave vector q is purely real in regimes of allowed EM propagation and completely imaginary outside [38, 42, 43] . However, in lossy photonic crystals the Floquet-Bloch phase, q, is complex throughout the spectrum and an abrupt distinction between allowed "band" modes, and forbidden "gap" modes cannot be made [25, 27] . Typically, forbidden propagation regions in lossy photonic crystals are characterized by a quick transition to ultra-high Im(q) values [25] .
The fields in the left and right hand side of Eq. (20) can be related by the transfer matrix of the elementary building block, M BB , which is equal to
Thus, e −iqa should be an eigenvalue of the elementary building block transfer matrix, which yields:
with ∆ = (M BB 11 + M BB 22 ) 2 − 4det(M BB ) and det(M BB ) being the determinant of the M BB matrix. Eq. (21) yields two possible roots for q, with only one being acceptable that satisfies the requirement for passivity. As we are looking for modes propagating in the +x−direction the passivity requirement takes the form of Im(q) > 0 [44, 45] . Note that the matrix elements of the M BB matrix are frequency dependent, due to the frequency dependent permittivity of SiC, as given in Eq. (1). Solving Eq. (21) is equivalent to obtaining q(ω), i.e. the the band structure of the periodic stack.
BROADBAND NEAR-PERFECT ABSORPTANCE WITH APERIODIC SiC PCs IN THE RESTSTRAHLEN BAND: RESULTS AND DISCUSSION
In this section, we present our results for the absorption of the aperiodic PCs of Section 2, calculated with the TMM method as we described above. In particular, in Figures 5(a) and 5(b) we show the respective spectral response of absorptance and reflectance of the first type of aperiodic PC depicted in Figure 1(a) . We observe in Figure 5 (a) a near-perfect absorptance when we take 50 building blocks that covers most of the Reststrahlen band (dot-dash-dot magenta line in Figure 5 (a)). This is related to the broadband low reflectance seen in Figure 5 sorptance with the two aperiodic PCs with large number of building blocks, it is interesting to check to which extent such broadband absorptance survives when a smaller number of building blocks are taken. For this purpose, we show in the same figures, the absorptance and reflectance for a lower total number of building blocks, N.
In particular, we take N = 3, 6, 12 and 25 and show the results in Figures 5 and 6 for the respective cases of Figure 1 (a) and Figure 1 (b), as black-solid line, red-dashed line, green dotdashed line and blue-dotted line, respectively. We observe that the low reflectance property remains reasonably broadband even with a small number of building blocks. This is especially true for the first type of aperiodic PC. In the second type we see much stronger Fabry-Perot oscillations in the reflectance spectrum. This is because in the latter PC, the filling ratio increases quite rapidly from one building block to the next one as we have seen in Figure 2 (d). The results of Ref. [24] suggest that the lower the filling ratio of a PC is, the less the reflection is. Actually, in the same work it was shown that the higher filling ratio PC structures are essentially approaching the bulk SiC behaviour [24] . The above findings imply that the low reflectance merit of the aperiodic PC of Figure 1 (a) can be attributed to the low filling ratio. Such low reflectance with the small strength of Fabry-Perot oscillations is important for a smoother spectral response of the absorption. Obviously, any reflection peaks inadvertently will manifest as dips in the absorption spectrum which are undesirable.
In order to obtain a quantitative measure of the performance of the aperiodic PC schemes, we estimate the cumulative absorptance enhancement CA enha , across the Reststrahlen band as follows:
where λ indicated with blue circles and red squares respectively. We can notice that both the aperiodic PCs have almost same cumulative absorptance enhancement for less than 20 building blocks. However when the number of building blocks exceeds 20, we can clearly observe that the first type of aperiodic PC exhibits a higher cumulative absorptance enhancement. We attribute this result to the better reflectance performance of the first type of aperiodic PC due to the consistently lower filling ratio throughout the aperiodic PC as we discussed.
It is also interesting to see which of the two aperiodic PC schemes exhibits a high cumulative absorptance with less absorbing material. Therefore we introduce an absorptance figure of merit FOM A , as follows:
where d thick is the total thickness of the SiC in the entire aperiodic PC structure and λ 1 , λ 2 , and CA enha have the same meaning as in Eq. (22). We plot the FOM A in Figure 7 (b) for the aperiodic PCs of Figure 1 (a) and Figure 1 (b) indicated with blue circles and red squares respectively. We can clearly identify the advantage of the first aperiodic PC scheme where a higher FOM A is achieved consistently with the same number of building blocks.
We note in passing that we did explore another type of aperiodic PC in which the lattice constant changed linearly, while keeping the filling ratio constant. We explored this route and found that the aforementioned aperiodic PC does not perform any better than the aperiodic PCs of Figure 1 To gain more insight into the performance of the two aperiodic PCs, we also calculate the spatial electric-field distributions inside the two aperiodic PC structures and indicate the results with red-solid lines in Figures 8 and 9 respectively. The panels (a), (b) and (c) in both Figures 8 and 9 , represent wavelengths around the blue edge, middle and red edge of the SiC Reststrahlen band. We can notice from Figures 8 and  9 , that around the blue edge of the SiC Reststrahlen, electric fields are oscillating across the aperiodic PC structure and attenuated nearly at the end of the aperiodic PC. On the other hand, around the middle wavelength of the SiC Reststrahlen band, the oscillating electric fields are slowly decreasing and strongly attenuated when reaching the middle of the PC. Finally, around the red edge of the SiC Reststrahlen band, the electric field is rapidly attenuated within the first few building blocks of the aperiodic PC.
In order to understand, how these electric-field variations correlate to the overall absorption, we evaluate the ratio of dissipated to incident power within the SiC layers. From Poynting's theorem [46] it can be shown that such dissipated to incident power ratio for the j th layer inside the aperiodic PC is given by:
where ε 1 represents the imaginary part of ε 1 . With the use of the expressions for the electric-field distributions E(x) within the SiC layers given by Eq. (15), we obtain:
where k 1x and k 1x are the real and imaginary parts of the wavevector k 1x , inside SiC. The A(j) and B(j) coefficients in the above equation are calculated from Eqs. (16)- (19) .
We plot the results calculated from Eq. (25), for the power dissipation ratio within the j th SiC layer versus the position of the center of this layer,-x c (j) = S a (j) + d 1 (j)/2-, with the blue circles in Figure 8 for the aperiodic PC of Figure 1 (a). Conversely, we show the respective result for the aperiodic PC of Figure 1 (b) in Figure 9 . It is interesting to notice in Figures 8  and 9 , that the power dissipation ratio variation does not follow the electric-field variations. This at first seems rather odd. However, we should keep in mind that the power dissipation ratio applies only to the SiC layers. On the other hand, electric fields are plotted for both the SiC and air layers. Moreover, the SiC layer thickness increases from one building to the next one throughout the structure. Therefore, thick SiC layers at the far end of the aperiodic PC will absorb more light due to the larger light-matter interaction length for the same electric- field amplitudes in comparison to the thin SiC layers at the front end of the aperiodic PC.
We can notice from Figures 8 and 9 that for the wavelengths around the blue edge of the Reststrahlen band, power is dissipated throughout the aperiodic PC. For wavelengths in the middle of the Reststrahlen band, power dissipation is high at the front end of the PC. For the wavelengths around the red edge of the Reststrahlen band, most of the power is dissipated within the first few SiC layers of the aperiodic PC. These results explain why the presence of a large number of building blocks is more important for the blue side of the Reststrahlen band spectrum, as we have seen in Figures 5 and 6 .
We assert that there is a strong correlation between the location of where most power is getting absorbed and the propagation properties of the corresponding building block at such location. Such propagation properties can be characterised by the imaginary part of the Bloch phase q, Im(q), of the corresponding periodic PC. The latter would signify regions of "forbidden" and "allowed" EM propagation, although such distinction is not as sharp in the case of lossless PCs [25, 27] . In order to uncover such a correlation we calculate the Im(q) versus x c , -for the same wavelength values of the impinging EM wave as in Figs. 8 and 9 , for the case of periodic PCs that correspond to the building blocks located at the x c position.
We plot the results, in Figures 10(a) , 10(b) and 10(c) at these specified wavelengths (indicated within each panel) for the aperiodic PC of Figure 5 . Conversely, in Figures 10(d) , 10(e) and 10(f) we plot the corresponding results at the same wavelengths for the aperiodic PC of Figure 6 . Note that Im(q) is shown scaled with a/π, with a = d 1 + d 2 being the building block size, which is constant and equal to 5 microns for the PC of Figure 6 but varies with building block location for the case of Figure 5 . Clearly, the results in Figure 10 suggest that at a certain free-space wavelength most power is getting absorbed Figure 11 but for the aperiodic PC of Figure 6 .
FIG. 12 Same as in
at the vicinity of building blocks with high Im(q) values, i.e. in the vicinity of the gap regime of the corresponding periodic PCs.
ANGULAR ROBUSTNESS OF THE BROADBAND SUPERABSORPTION
Realistic beams are finite in lateral extend; they are not plane waves. For example a diffraction-limited beam with a Gaussian lateral profile would be equivalent to a superposition of impinging waves at different incident angles, θ I , within a range spanning roughly between −10 0 to 10 0 . It is therefore interesting to check the robustness of the superabsorptance bandwidth we observed for normal incidence with a plane wave under angular illumination conditions.
While the two polarisations are degenerate for normal incidence they are not so for the case of angular incidence. For this reason we explore the angular absorptance response of our designs under both TE-and TH-illumination conditions that we depicted in Figure 3 . We show in Figures 11(a) and 11(b) respectively the absorptance and reflectance versus incident angle and free space wavelength for a TE-polarised impinging wave on the aperiodic PC structure of Figure 5 . The corresponding results for the case of a TH-polarised wave are shown in Figures 11(c) and 11(d) . The results were calculated with the TMM method, as we described in the methodology section for the case of a general incidence with θ I = 0. Likewise, we also investigate off-normal incidence for the PC of Figure 6 and show our results in an analogous manner in Figure 12.
All cases demonstrate an impressive angular bandwidth throughout the phonon-polariton spectrum that well exceeds the angle-span of a diffraction-limited Gaussian beam. These results suggest that our proposed aperiodic PC platforms would be entirely functional under realistic illumination conditions. 
BROADBAND APERIODIC SUPERABSORBING PCS: DESIGN OPERATION AND OPTIMISATION
In the previous section we considered two particular aperiodic PC designs. We constructed these two designs based on the intuition we obtained from the study of corresponding periodic structures [24, 25] . We considered for the first building block such parameters that give a low filling ratio and a total size equal to the lattice constant of some of the high performing PCs that were previously investigated [25] . In fact, the first building block of our second aperiodic PC design is exactly the same as one of such periodic designs reported in Ref. [25] . Subsequently, we construct the aperiodic sequence of lamellae with two different scenarios -linearly increasing SiC slab thickness with air thickness kept constant and linearly increasing filling ratio with building block size being kept constant. Again, the linear sequencing slope parameters, 1/5 for the first scenario and 1/100 in the second, were chosen intuitively so that they would produce an adiabatic, yet reasonably significant, increase in the SiC slabs thickness.
In this section we investigate further the broadband merit of such aperiodic polaritonic PCs beyond the intuitive construction of the designs of Figures 5 and 6. Our purpose is to gain further understanding on the principles of operation of such structures. Moreover, we will investigate the structural parameter tolerance of the broadband absorptance feature of the aperiodic designs and compare our initial intuitively conceived designs with optimised structures.
Firstly, we study the impact of only the sequencing slope on the broadband absorption merit. As a quantitative measure of the latter we consider the averaged absorption, A over the phonon-polariton regime calculated from:
We will also look at the averaged reflection, R, given by:
In the above equations, A PC (λ) and R PC (λ) represent respectively the absorptance and reflectance of the aperiodic PC structures at a certain free space wavelength λ. Also, λ 1 and λ 2 represent the blue and red edge of the phonon-polariton spectrum of SiC.
We essentially start from the same building blocks as in the designs of Figure 5 and 6 and change only the slope of the monotonically increasing functions of Eqs. (2) and (3). In particular we take:
with d 1 (1) = 0.125 µm, and f(1) = 0.05 as in the designs of Figures 5 and 6. We will refer in the following to α 1 and α 2 as adiabatic parameters since they control how adiabatic is the increase in SiC thickness as we progress within the lamellae sequence. The larger the α parameters are the more adiabatic such change is.
We plot our results for A and R versus the adiabatic parameter α 1 in Figures 13(a) and 13(b) for the aperiodic sequence of the type of Eq. (28) with the remaining structural parameters taken the same as in Figure 5 . Conversely, we show the corresponding results for A and R versus the adiabatic parameter α 2 in Figure 13 (c) and 13(d) for the aperiodic sequence of the type of Eq. (29) with the remaining structural parameters taken the same as in Figure 6 . We do so for three different cases of total building blocks, N. We take N=10, 50 and 100 and show the corresponding results in Figure 13 with solid black, dashed red and dot-dashed green lines respectively. Note that there is a minimum value for the range of the α 2 parameter that depends on the total number of building blocks as the filling ratio cannot exceed the value of 1 for any building block.
As our intuition would have expected the averaged reflection, R, monotonically decreases with increasing α parameters i.e. with increasing adiabaticity of the aperiodic lamellae sequencing. However, clearly we do not see this behavior for the averaged reflectance to be transferred to the averaged absorptance. A monotonically decreasing R should perhaps yield a monotonically increasing A with increasing α values. Indeed, we observe so for the large, hundred-building-block, structures.
However, the other cases typically have a maximum for A at a particular value of α or even show a decreasing behavior of A with increasing α as for example the case of Figure 13 (a) for N=10. This is actually not too surprising, as transmission maybe non-zero for the thinner structures. As the degree of adiabaticity becomes larger, a larger number of building blocks are required to completely seize the EM energy passing through.
Evidently, as α 1 → ∞ and α 2 → ∞ the aperiodic lamellar sequences of Eq. (28) and (29) blocks which corresponds to the same total SiC thickness as the aperiodic structure. Figure 14 but for the case of the aperiodic PC of Figure 6 and the corresponding periodic PC counterparts.
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tonic crystal having an elementary unit cell the same as the first building block of these sequences. The asymptotic behavior of the averaged absorptance versus the adiabatic parameters then suggests that these corresponding periodic photonic crystal structures should be capable of a broadband lowreflective and high-absorbing behavior. However, we had not observed that in our prior investigations in Refs. [24] and [25] . This has prompted us to look into this further.
We replot in Figure 14 the absorptance and reflectance versus the free space wavelength for the aperiodic PC of Figure 5 for fifty building blocks as black solid lines to compare it with the corresponding periodic PC constructed from the first building block of the aperiodic structure (shown as red-dashed lines in the same figures). We will refer to such structure simply as the "corresponding periodic PC" from hereon. These results clearly manifest that fifty building blocks sequenced according to Eq. (28) for α 1 = 5 seize almost all impinging EM energy in most of the spectral range within the Reststrahlen band. Nevertheless, fifty identical building blocks with the same parameters as the first building block of the aperiodic sequence do not. The result is even worse for periodic structures with a unit cell corresponding to any other building from the aperiodic lamellar structure.
Yet, the analysis of Figure 13 suggests that the corresponding periodic PC should possess broadband near-perfect absorptance as well. We do in fact notice a broadband low reflectance in Figure 14 (b). This clearly points out that the lack of absorptance bandwidth in the corresponding periodic PC is because of insufficient SiC material in the fifty-cell structure. Thus, we subsequently consider a corresponding periodic PC that would have as much SiC material as the aperiodic structure of fifty building blocks, N. This means that such periodic PC would need to have a N eq number of unit cells given by:
where N = 50, i.e. it should be comprised of 295 unit cells. We show the corresponding spectra for this long periodic PC in Figure 14 with green dot-dashed lines. Indeed, a broadband absorptance behavior is now observed.
We make a similar comparison in Figure 15 for the corresponding periodic PC case of the aperiodic lamellar sequence of Eq. (29), with the parameters of Figure 6 . We show the results for the absorptance and reflectance for this aperiodic PC and its periodic counterpart with N=50 buildings blocks as black solid lines and red-dotted lines respectively. As in the case of Figure 14 we also see here that fifty cells are inadequate to seize the incoming EM energy over a broad bandwidth in the Reststrahlen band for periodic PC structure. The number of N eq unit cells we need here in order to have the same amount of SiC material in the corresponding periodic PC as in the aperiodic structure of Figure 6 is given by:
with N=50 and f(1)=0.05, which also is equal to 295. We plot in Figure 15 the spectra for the corresponding periodic PC with 295 unit cells as green dot-dashed line.
Indeed, the results in Figures 14 and 15 verify that the corresponding periodic PC counterparts exhibit broadband absorptance behavior when a very large number of unit cells is taken that provides a sufficient amount of SiC material. Thus, the above analysis suggests that if we take a block of SiC material and slice it to equal very thin slices sufficiently spaced apart at equal distances we can obtain efficient broadband absorption in the Reststrahlen band of SiC. Note that the total length L of such periodic structure is really very large. In particular, it is close to 300 free space wavelengths for the case of Figure 14 and close to 150 free space wavelengths for the case of Figure 15 . On the other hand, if we allow to slice the same amount of SiC material in unequal slices and position them so that their thickness gradually increases we can obtain a similar absorption over a broad spectral range with much more compact structures. In particular, the length of the structures in Figure 5 and Figure 6 are close to 50 and 25 wavelengths respectively.
From the practical point of view, it is important to also consider the total length of the structure when evaluating the merits of a certain design. Hence, it becomes then clear that FOM A , we defined in Eq. (23) may not by itself be an adequate measure of performance of a certain design. We therefore introduce an additional figure of merit, FOM A defined as follows:
with L being the total thickness of the structure. We emphasize that these figures of merit are useful for a comparative analysis between designs, in the sense that they help to identify the advantages and disadvantages of a certain design. However one should bear in mind that they are always trade-offs to consider in each case.
For example it appears that the periodic structures can yield smooth broad spectra of efficient absorptance but they involve a much higher number of lamellae and are much longer (about six times) than their aperiodic counterparts. The more compact we try to make a broadband design, the thicker SiC blocks we need to introduce which inevitably lead to more prominent Fabry-Perot fringes and less smooth spectra. For example, the aperiodic PC of Figure 5 shows more interference fringes than its ultra-long corresponding periodic PC counterpart but less interference fringes in comparison with the more compact aperiodic PC of Figure 6 . Table 1 encapsulates such comparisons, where both introduced absorptance figure of merits, FOM A and FOM A , are given for the designs we analysed above.
We proceed below in evaluating further the robustness of the broadband absorptance merit of the aperiodic PCs. Figure 13 attests that the adiabaticity parameter values of α 1 =5 and α 2 =100 are near the optimum values that yield the maximum averaged absorptance, A when fifty building blocks are
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taken in the lamellar sequences of Eqs. (28) and (29) respectively. Accordingly, below we fix these parameters at these values.
Then for the lamellar sequence emanating from Eq. (28), we calculate how the averaged absorptance changes with d 1 (1) and inter-SiC lamellae spacing d 2 which is kept constant throughout the entire sequence. Conversely, for the lamellar sequence emanating from Eq. (29), we calculate how the averaged absorptance is changing with the filling ratio of the entry building block, f(1), and the building block size, a, which is kept constant throughout the entire sequence. We plot the results in Figures 16(a) and 16(c) respectively. The accompanying results for the averaged reflectance, R, are shown in Figures 16(b) and 16(d) respectively.
We observe that there is a wide range in parameter space of near-optimum performance in both cases attesting for the robustness of the designs. This is especially true for the designs emanating from the sequence of Eq. (28). We observe that the performance of both designs deteriorates with increasing filling ratio. The white triangles in the parameter space designate the parameters of the designs considered in Figure 5 and Figure 6 . It is impressive to observe that both designs that we conceived intuitively are very close to the optimised aperiodic PC designs.
In the following, we try to understand further the particular structure of the absorptance behavior we observed in Figure 16 in the parameter space of the lamellar sequences. We argue that the performance of the aperiodic PC designs is strongly correlated to the properties of their entry building block. In particular, we argue that the spectral extend of the allowed modes of a periodic PC constructed from the entry building block is of crucial significance. As a measure of the latter we consider the average value of the imaginary part of the Floquet-Bloch phase q, Im(q). The larger this is the lower the extend of allowed modes within the SiC Restrahlen band for the periodic PC comprised of the entry building block of the aperiodic structure. In other words it would be the minima of Im(q) that would suggest a strong absorptance performance.
We evaluate Im(q) from:
where Im(q, λ) is calculated with the TMM method as we discussed in the methodology section. The parameter space of Figure 16 defines different entry building blocks and for each we calculate such Im(q) value for the corresponding PC medium. We plot the result in Figure 17 (a) for entry building blocks corresponding to the sequencing of Eq. (28). Conversely, we show in Figure 17 It is remarkable to observe that the landscape of Im(q) in the parameter space resembles closely that of the averaged reflectance R we observed in Figure 16 .
This strongly supports our claim that the properties of the entry building block strongly define the broadband absorption performance of the periodic structure provided a proper adiabatic parameter in the lamellar sequence is taken. We stress that the behavior of a certain building block well within the aperiodic sequence can be dramatically different from the corresponding periodic photonic crystal. For example let's take the 41 th building block of the aperiodic structure of Figure 5 located at x c ∼ 425 µm. An EM wave incident with a wavelength of 10.9 µm wavelength would fall in the vicinity of the band-gap for the corresponding periodic PC made from such building block. As a result at this wavelength the latter PC is highly reflective, more than ∼ 80%. Yet, at the same impinging wavelength light is directed with a high efficiency to the same building block within the aperiodic sequence to get absorbed thereafter. This further supports our claim that it is the entry unit cell that most crucially influences the absorptance performance of the aperiodic designs.
These observation simultaneously imply that the spatial order of the building blocks of the lamellar sequence would be of crucial significance. We investigate this in detail in the following section.
SIGNIFICANCE OF THE APERIODIC PC'S BUILDING BLOCK SEQUENCE
We have seen that a large number of absorbing layers are necessary for optimising cumulative absorption enhancement. Both the aperiodic PCs of Figure 1 (a) and Figure 1 (b) employ these building blocks in an increasing order of thickness. Accordingly, it is natural to wonder how important is the sequence of building blocks in these microstructures. For this reason, we will explore changing the building block sequencing of the aperiodic PC structures and its impact on the absorption spectra.
We start from the case of Figure 1 (a) and we just interchange the first two SiC layers of our original aperiodic PC of Figure 1(a) . We show the absorptance and reflectance of this modified aperiodic PC structure with the green-dashed lines in Figures 18(a) and 18(b) respectively. We compare these results with those of the original aperiodic PC seen with redsolid lines. We can notice that the absorptance is decreased at the higher wavelength end of the absorptance spectra, corresponding to the converse increase in the reflectance.
Subsequently, we interchange the SiC layers of the first three building block so that original first, second and third layer are placed in the third, first and second building block respectively of the new modified aperiodic PC. We can clearly identify a further dip in the absorptance and converse increase in the reflectance of this PC as indicated with the violet-solid lines in Figures 18(a) building blocks. We show the absorptance of such two random multilayer structures in Figure 18 (a), indicated with bluedotted and black dot-dashed lines respectively. The corresponding reflectance is shown in Figure 18 (b). We also show the SiC lamellae thickness at each building block with the building block order j for these two random sequences in Figure 19 . In panel (a) the case of the blue dotted line of Figure 18 is shown with blue circles. Conversely, in panel (b) the case of the black dot-dashed line of Figure 18 is shown with black circles. In both cases, the corresponding values of the SiC lamellae thickness of the original aperiodic PC are shown for comparison with a red solid line.
We can identify multiple high absorptance peaks in the absorptance spectrum of these random multilayer structures. However, these do not exhibit a broadband absorption. Thus the cumulative absorption is much lower than the one exhibited by their aperiodic PC counterpart. This is because of the high reflectance exhibited by the structures with randomly sequenced building blocks. We carried out the same investigations for the aperiodic PC of Figure 1 (b) and we observed similar results. Therefore, our findings suggest that although SiC layers with different thicknesses absorb best different wave- lengths of light, these should be arranged in the increasing order of thickness in order to obtain large cumulative absorption within the entire SiC Reststrahlen band. Figure 7 ], and performance would not be increased further by adding more building blocks. We see in Figure 9 that for the PC of Figure 6 , essentially no more power is getting absorbed after the 35 th building block.
SHRINKING THE SIZE OF THE BROADBAND APERIODIC PC SUPERABSORBERS
In other words, the second aperiodic scheme uses more SiC material, but allows to pack it closer to the entry face yielding a smaller total structural size. On the other hand the first aperiodic scheme uses less SiC material and disperses it within a larger structural size. In the extreme case of a periodic structure at broadband absorption conditions, we found out in Section 6 that the SiC material must be very dilute throughout, requiring structures as long ∼ 300 free space wavelengths. For practical purposes, it is advantageous to pack as much SiC material as possible to the entry face to obtain compact designs with a fewer number of total building blocks. Yet, that poses a challenge because the more we pack SiC material close to the entry face the higher the reflectance is. We investigate in the following the possibility to obtain a more compact absorber based on the second lamellar sequencing scheme generated from Eq. (29) . We would need more SiC material distributed over a smaller number of building blocks which implies the need for a less adiabatic design which unavoidably would be more reflective. We therefore need to relax the requirement of near-perfect absorptance. Thus, we investigate whether it is possible to obtain a good, yet not near-perfect, absorption performance throughout the Reststrahlen band with the lamellar sequence of Eq. (29) . We set a = 4.56 µm, and f(1) = 0.05 which represent near-optimum parameters for the entry building block as we can see in Figure 16 . For this parameters we look for the optimum adiabaticity value when a total of five building blocks are considered and we find that to be α 2 = 11.4.
We show the results for the absorptance and reflectance versus free space wavelength as black solid lines in Figures 20(a) and 20(b) respectively. We observe a strong absorption performance that spans throughout most of the SiC Reststrahlen band, yielding a cumulative enhancement factor of close to 10.
We clearly see that this aperiodic scheme outperforms the corresponding periodic PC made from the entry building block, -represented with the dashed red lines in the figure. We also compare this performance with the performance of the latter periodic PC with its front face terminated by removing 50% of SiC material. We see that the latter optimisation route, that we discussed in detail in Refs. [24, 25] , leads to overall comparable absorption enhancement. However, the strong absorption performance of the terminated periodic PC is restricted to a narrow part of the SiC Reststrahlen band. On the other hand, the cumulative absorption enhancement is more evenly distributed across the Reststrahlen band for the aperiodic PC design. We outline the absorption performance comparison between these three designs in Table 2 . This underlines the strong potential of the aperiodic PC structures for high performing broadband absorbers.
CONCLUSIONS
We proposed an aperiodic absorbing PC route to engineering broadband EM absorption. Our results suggest that this approach is promising even when the PC constituent building blocks have a high extinction coefficient and high reflectance, as the case of the SiC paradigm explored here. In particular, we demonstrated a broadband near-perfect absorption with two types of SiC 1D-aperiodic PCs, one in which the thickness of the SiC layer increases linearly, and one in which the filling ratio increases linearly throughout the structure. Our results suggest that the broadband near-perfect absorption merit is tolerant under angular illumination within a span of at least 20 0 . We found that the first aperiodic PC scheme has better performance in terms of smooth absorption profile and high cumulative absorption enhancement with less SiC material.
On the other hand the second aperiodic PC scheme has better performance in terms of structural size and is promising for broadband superabsorption with designs of the order of the impinging wave's wavelength
